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ApeToArT
Less than 10% of the annual precipitation in Arizona is recovered for use; most is lost to evapotranspiration. A large
portion of the recovered precipitation comes from watersheds in forests at high elevations. Even at these locations, 80%
to 85% of the precipitation input is unavailable to downstream users. However, snow accumulates on forested sites

throughout the winter and provides a reservoir of water that is potentially available for use in the spring. The possubthty
of increasing the amount of recoverable prec1pitation from these watersheds through forest management practices is
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dynamics are available to help hydrologists and watershed managers in this effort
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Arizona is recovered for use; most is lost to evapo-
transpiration. The possibility of increasing the
amount of recoverable precipitation from high ele-
vation forested watersheds in Arizona is greater for
snow than for rain (Ffolliott et al. 1989, Ffolliott
1993). Snow that accumulates throughout the winter
provides a reservoir of water that is potentially
available for downstream use in the spring. If snow-
melt-runoff volumes were increased significantly,
additional water would be available to refill reser-
voIrs or to recharge groundwater aquifers.

SNOWPACK CONDITIONS

Snowpack conditions in Arizona are often either
excessively high or too low in comparison to other
regions of the United States. Fluctuations in winter
precipitation patterns result in a few wet years inter-
spersed with several average and many below aver-
age years (Diaz 1983, Ffolliott et al. 1989). These
fluctuations greatly affect the intermittent snowpack
buildups on the high-elevation forested watersheds.
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con‘mbutlonst annual water yields, and to the flow
of water to downstream users. Researchers
measured snowpack-water equivalents (the amount
of liquid water in a snowpack) in the Salt River
Basin every March 1* from 1965 to 1985. The
results, expressed as a percentage of the average
March 1* values, ranged from 13% to more than
25% (Fig. 1), which confirmed the skewness of the
snowpack conditions from year to year.

o

THEORETICAL AND PROCESS STUDIES

Results from theoretical and process studies
allow watershed managers to understand the causal

nature of the relationships between snowpack
conditions and forest overstories on a watershed
better. The effects that forest management practices
have on snowpack conditions can often be deter-
mined from the results of these studies. The studies
also provide a fundamental basis to help explain the
results from empirical investigations.

Thaneatinal chrdias haorra cantarad o cvmthacie
lllGUlCllhm StuqQics nave CEeMeIea O SyTuacsis
adala s somitlis sl  mzd lacen sxrnawsa calae

Ul mioacis 1o UUM:I.IUC SHUL L= 10 101E-Wave S0lal
radiation exchanges between snowpacks and forest

canopies (Bohren and Thorud 1973, Bohren and
Barkstrom 1974). The short- and long-wave radia-
tion exchanges vary depending on the existing
forest canopy structures. Forest canopies block
some short-wave radiation, emit long-wave radia-
tion, and reflect short- and long-wave radiation from
the snowpack. Therefore, the effects of manipu-
lating forest overstories on short- and long-wave
solar radiation transfers and, as a result, the accumu-
lation and subsequent ablation of snowpacks are
predictable.

Researchers have evaluated deposition of inter-
cepted snow in tree canopies with time-lapse
imagery to determine the relative significance of
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erosion, or canopy melt. The potential loss to
streamflow by vaporization of canopy snow and
resulting snowmelt is small compared with how
much snow eventually falls to the snowpack either
directly or indirectly from the tree canopies.

Loss of snow from a landscape is due to snow-
pack melt or to a combination of melting,
evaporation, and sublimation. Factors influencing
evaporation and sublimation include site character-
istics (aspect, slope, etc.), latitude, distance from the
ocean, and elevation (Avery et al. 1992). Sublima-
tion rates are higher for the northerly sites, inland
sites, and for those at high elevations. Snow cover
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Figure 1. Snowpack-water equivalents in the Salt River Basin expressed as a percentage of the average March Ist
values recorded from1965 to 1985 (from Jones and Brazel 1986).

losses as little as 25% and as much as 70% are due
to melting alone or to a combination of melting,
evaporation, and sublimation.

FOREST MANAGEMENT PRACTICES

Forest management practices to increase
recoverable water yields from snow include forest
thinning (reducing forest densities), forest clearing
(removing forest overstories), and combinations of
the two operations. However, varying intensities of
forest thinning and arrangements, sizes, and patterns
of forest clearings are possible. Snow research in
Arizona has focused on effects of thinning and
clearing forest overstories on snowpack accumu-
lation and melt patterns.

Forest Thinning

Inventory-prediction relationships describing
snowpack conditions within the high-elevation
forests from readily available or easily obtainable
input data show that snowpack-water equivalents
generally increase as forest densities decrease
(Ffolliott et al. 1989, Ffolliott 1993). With these
inventory-prediction relationships, watershed man-
agers can prescribe thinning practices to increase
snowpack-water equivalents on-site, which will
convert into recoverable water.

Storage-duration values obtained by adding
snowpack-water equivalent measurements from
successive sampling dates (Wilm 1948, Warren and

Ffolliott 1975) provide information on the temporal
variabilities of the relationship between snowpack
conditions and forest characteristics. Maximum
values show high initial storage and slow melt,
while minimum values show low initial storage and
rapid melt. Studies have shown that maximum
storage-duration values are associated with low
forest densities, cool sites, and high elevations,
while minimum storage-duration values are assoc-
iated with high forest densities, warm sites, and low
elevations. A watershed manager can partially
modify the storage-duration of a snowpack through
forest management activities.

Forest Clearing

Greater accumulations of snow for possible
conversion into recoverable water are available in
cleared openings rather than under forest canopies.
The greatest accumulations of snow are in cleared
strips and patches with less than 14 H (H = average
height of adjacent trees) in size (Ffolliott et al. 1989,
Ffolliott 1993). While clearing forest overstories
affects snowfall accumulation and melt patterns, the
amount of snow that falls onto the watershed
remains unchanged. Increased snow in the openings
is partially associated with a reduction in snowpack
accumulations in the adjacent forest.

Techniques to evaluate snowpack profiles in
and adjacent to forest openings include a two-
dimensional analytical method of estimating where
an increase or decrease in snowpack-water equiva-
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(Fig. 2). The tradeoff between changes in the sn
pack and the volumes of forest overstory cleared to
create the openings can be identified using this
method (Ffolliott and Thorud 1974, Ffolliott et al.
1989). Further investigations led to a series of three-

d1mgn_s1rmal time-space models that describe the
snowpack COndlth‘l'lS in and adjacent to openings
based on the volumetric content of water (Ffolliott
1983). Information from these models can be help-
ful to managers when increased water yields from

snowpacks are a watershed management objective.

time

RUNOFF EFFICIENCIES

A measure of the effects of physiographical and
climatological factors on the quantity of snowmelt
runoff from a watershed is runoff efficiency, which
is the portion of a snowpack's water equivalent
converted into surface runoff (Ffolliott and Hansen
1968, Thorud and Ffolliott 1972). Both fixed and
variable factors of a site influence the runoff-
efficiency value of a watershed. Fixedfactors
include slope percent, aspect, soil type and depth,
and watershed configuration. Among the variable
factors are year-to-year differences in the rates of
snowmelt on the watershed and preceding soil
moisture conditions. Depending largely on the
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iencies from peak seasonal accumulatmn to the
cessation of snowmelt runoff can range from 20% to
45%. Runoff efficiencies vary from 25% to almost
90% among watersheds in a particular year, with
much of this difference attributed to physiographic
features,

Researchers have developed equations that
predict runoff efficiency from variables measured
before peak seasonal snowpack accumulation and
during the snowmelt-runoff regime (Solomon et al.
1975). Equations for predicting runoff efficiency
from inventory-prediction measurements before
peak seasonal snowpack accumulation can be used
to estimate the portion of a snowpack that might be
converted into runoff in a season. Other equations
that estimate runoff effi ciency after the end of a
season's snowmelt-runoff pt‘:i‘iOd are used to
characterize a watershed on based past runoff
efficiency history and water-yielding potentials.
Watersheds with the greatest peak seasonal snow-
pack accumulations and at the highest elevations
generally have the most efficient snowmelt-runoff
regimes. Consequently, forest management activ-
ities 1mpIemented to increase snowpack-water
equivalents at peak seasonal accumulation have the
greatest potential for snowmelt-runoff improvement.
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Figure 2. Snowpack profile in clearcut strips at peak seasonal accumulation, with the zone of influence delineated
(from Ffolliott and Thorud 1974). The effect of the clearcut strip was a net increase in the water equivalent of the

snowpack.
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ONOW UHEMISTRY

Water contained in Arizona's snowpacks is high
in chemical quality—the concentrations of K, Na,
Ca, Mg, F, Cl, NO,, and SO, are low and little
evidence of highcr than typical concentrations of
these chemicals exists (Ffoulott and J_.opes 1993)
LOI’ICCI’“I&UOI‘IS of these chemicais in snowmelt~
runoff water are also relatively low and have always
been less than the water quality criteria established
by the U.S. Environmental Protection Agency
(1980) and the Arizona nPnRrMPnfnf'anlr nmen-
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water supplies (Ffolllott 1990) However, the link
between the chemicals in snowpacks and those in
subsequent snowmelt runoff is unknown.

There is also little evidence of high pH values in
the snowpacks. This finding is expected, however,
because of the low concentrations of sources for
atmospheric pollutants and local contamination.

REMOTE SENSING

3 conditions
are uneconomical. However, estimating snowpack
conditions indirectly from measurements obtained
through remote-sensing techniques is an alternative.
Relating peak seasonal snowpack accumulation and
topographic attributes measured on standard
1:15,840 black-and-white aerial photographs to
forest overstory is possible (Larson et al. 1974). As
mentioned, knowledge of peak seasonal snowpack
accumulation is important to estimate the potential
snowmelt-runoff volumes from Arizona's
watersheds.

Measures of snowpack depletion are highly
correlated with the volume of snowmelt runoff.
Because the snowpacks in Arizona are shallow and
mtf:rrmttent in contrast to condltlons in other

Felted to the exten ot 5

hypothesis that furure runof’f‘ reglmes can be
estimated based on snow-cover data from satellite
imagery, researchers measured snow cover from
LANDSAT imagery and compared the results to
subsequent snowmelt-runoff volumes during snow-
pack depletion periods (Aul and Ffolliott 1975,
Ffolliott and Rasmussen 1976). Anticipated snow-
melt-runoff regimes can be forecast from these
relationships.

SIMULATION MODELS

Snowpack conditions at a point-in-time reflect
the combined effects of accumulation, redistribu-
tion, and melt processes that occurred before that
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PO int-in-time. Simulation models are availabie to
help separate the complexities of these processes,
and allow managers to conduct forest management
activities that manipulate snowpack conditions in a
hydrologically favorable manner. These simulators
are useful to quantify on-site snowpack accumula-
tion, redﬂtnhutmn and melt processes within a
dynamic framework (Ffolliott and Rasmussen
1979). The input data needed to run the simulation
models are readily available.

Knowing the contributions of the melting snow-
packs to streamflow regimes from high-elevation
watersheds is also necessary. Modification of a
snowmelt simulation model for Colorado subalpine
forests provides predictions of the contributions of
therelatively shallow and intermittent snowpacks in
Arizona to streamflow. This gcncralizcd model
wquucb Ul.ll}f limited Mluwn:ugt: of watershed
condition and snowpack parameters (Solomon et al.
1976). The driving variables in the simulator are
daily values of maximum and minimum air temper-
atures, precipitation amounts, and imposing short-
wave radiation loads. Verification of the simulation
model on watersheds representing a range of condi-
tions common to high elevation, forested watersheds
in Arizona has been satisfactory. Interrogations of
the model provides information on watershed
conditions that are most favorable to increased
snowmelt-runoff volumes.

MANAGEMENT IMPLICATIONS

Forest management practices increase annual
water yields from selected watersheds in Arizona's
mountains (Ffolliott et al. 1989, Ffolliott 1993,
Ffolliott and Baker 2000). Larger increases occur in
wet years, when the soil mantle has been recharged
before snowmelt began. Little or no increase in
snowmelt-runoff volume occurs in dry years, when
most of the srlu:a»\ﬂ'nelt-rum:)ﬂr recharges the soil
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mantle. The duration of the changes in annual
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snowmelt-runoff volumes attributed to forest man-

agement practices implemented on upland water-
sheds largely depends on the condition of the water-
sheds both before and after the forest management
practices are implemented. The changes are likely to
diminish in 10 years or less to the levels of stream-
flow observed before the forest management prac-
tices were implemented (Baker 1999).

Debate also exists about what portion of the
streamflow increases that are being attributed to
forest management practices contribute to down-
stream water supplies. Brown and Fogel (1987)
suggest that this portion is relatively small in the
Salt and Verde Rivers because of transmission
losses, evaporation, seepage, and reservoir spills.
Simulations of water routing with and without
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-+ mans tices by
these authors showed that less than half the
streamflow increase is likely to reach downstream
users.
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Theoretical and process StudlCS crnpmcal fieid
observations, and simulation investigations provide
a basis for the development of management
practices to enhance snowmelt runoff on high-

elevation forested watersheds in Arizona, Forest
management practices can be designed to increase
the amount of recoverable water frorn melting

snowpacks on watersheds with high-runoff
efficiencies. These management practices can also
furnish livestock and wildlife forage, wildlife
habitats, and amenity values in combinations that
the people in Arizona will need into the coming
century.

However, the issue of whether forest manage-
ment practices can or will ever be implemented to
alter snowpack dynamics is unresolved. The
emphasis of watershed management in Arizona has
changed from a focus on increasing water supplies
to a more holistic perspective of natural resource
management (Baker 1999). Current watershed man-

agement considers other ecosystem-based, multiple-
use values of watershed lands includin ng f'nrag{-_z§

wildlife, and recreational use Thesp cri

have been identified through society's expressions
about the future management of watersheds and
natural resources.

tl.c al values
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